The high quantum efficiency of natural photosynthesis has inspired chemists for solar fuel synthesis. In photosynthesis, charge recombination in photosystems is minimized by efficient charge separation across the thylakoid membrane. Building on our previous bioelectrochemical studies of electron transfer between a light-harvesting nanoparticle (LHNP) and the decahaem subunit MtrC, we demonstrate photoinduced electron transfer through the full transmembrane MtrCAB complex in liposome membranes. Successful photoelectron transfer is demonstrated by the decomposition of a redox dye, Reactive Red 120 (RR120), encapsulated in MtrCAB proteoliposomes. The photoreduction rates are found to be dependent on the identity of the external LHNPs, specifically, dye-sensitized TiO 2 , amorphous carbon dots (a-CD) and graphitic carbon dots with core nitrogen doping (g-N-CDs). Agglomeration or aggregation of TiO 2 NPs likely reduces the kinetics of RR120 reductive decomposition. In contrast, with the dispersed a-CD and g-N-CDs, the kinetics of the RR120 reductive decomposition are observed to be faster with the MtrCAB proteoliposomes and we propose that this is due to enhancement in the charge-separated state. Thus, we show a proof-of-concept for using MtrCAB as a lipid membrane-spanning building block for compartmentalised photocatalysis that mimics photosynthesis. Future work is focused on incorporation of fuel generating redox catalysts in the MtrCAB proteoliposome lumen.
Introduction
Global research efforts are continuously advancing strategies for harnessing solar energy into sustainable electricity, solar fuels and solar chemicals.
1-3 The light harvesting stage, i.e., photo-induced charge separation and electron (or hole) transfer to the electrode or catalyst, remains the principal efficiency-limiting step in these strategies. 3 In contrast, the stunning efficiency of biological lightharvesting systems results from a very precise and sophisticated arrangement of photosynthetic components: organic photosensitizers (e.g., P680, P700, etc.), electron relay (chlorophyll, pheophytin, quinones, tyrosine, etc.) and biocatalytic conversions (Q B reduction/water splitting). 4 These components are optimized in the dimensions of space (the relative location of the components), energy (excited-state and redox properties) and time (the rates of competing processes).
5,6
The composition of biological photosynthetic assemblies allows efficient photon absorption at light harvesting antennae, aer which energy is passed along a series of chromophores to the reaction centres (e.g., plant photosystems I and II), where it is used for excitation of the P680/P700 cofactors. 4 Electrons ejected from P680/P700 are relayed along an electron transfer chain and the light energy is ultimately stored as a transmembrane proton gradient and reduced redoxactive molecules such as NADPH 7 ( Fig. 1a) . Features such as near-unity quantum yields and environmentally friendly operation put biological light-harvesting systems above any other known system with regard to the initial steps of light harvesting for production of solar electricity and/or chemical synthesis. 7 Hence, there is a lot of interest in directly exploiting natural or genetically modied organisms 3, [8] [9] [10] [11] or their components for energy harvesting in articial bio-hybrid systems.
12 Natural systems such as photosystem I, photosystem II and whole plant thylakoid membranes have been directly coupled to electrodes and inorganic catalysts in various photosynthetic devices to directly produce electricity, fuel (e.g., molecular hydrogen) or evolve oxygen.
12-19
However, light-induced damage and degradation limits the use of pigmentprotein complexes, especially photosystem II. 12, 20 Alternative approaches are being developed where synthetic light-harvesting analogues are interfaced to (bio) catalysts to biomimic the general principles of natural photosynthesis. 6, 7 Reported systems include examples in which photosensitizers (PSs) (e.g., porphyrins) and light-harvesting nanoparticles (LHNPs) (e.g., quantum dots) are interfaced with various conductive materials ranging from graphene to peptide nanotubes to semi-conductor nanoparticles, fuel producing enzymes and electron mediators to regenerate cofactors for redox enzymes. 7, 21 Efforts are also being made to explore the effects of photosynthetic component spatial organisation by mimicking natural systems such as stacked plant thylakoid membranes 22 and chlorosomes of green sulfur bacteria.
23
In this work, we aimed to mimic another aspect of plant photosynthesis, i.e., the use of a lipid membrane to arrange and spatially separate the photosynthetic components between the different environments of the thylakoid lumen and stroma (Fig. 1a) . 4 Specically, the objective was to spatially separate the photooxidation and reduction reactions in the external and internal space of the liposome compartments, respectively (Fig. 1b) . Thus, the envisioned system requires four components: (1) PSs or LHNPs to harvest light energy on the outside of liposomes, (2) transmembrane electron transfer, (3) a reduction catalyst within the liposome compartment (lumen) to chemically store the light energy and (4) an oxidation catalyst outside the liposome to regenerate the PS or LHNP.
We chose synthetic LHNPs over their natural equivalents (e.g., plant photosystems I and II) because they are simpler and cheaper to produce and because of their stability and chemical inertness. [24] [25] [26] Three LHNPs were compared: dyesensitised TiO 2 nanoparticles and two types of carbon dots. Dye-sensitized TiO 2 nanoparticles are well-studied and among the most active photocatalyst materials. 24 We used TiO 2 nanoparticles photosensitized with a Ru(II)(bipyridine) 3 dye in which one of the bipyridines is phosphonated in the 4,4 0 -position to enable chemisorption to TiO 2 (RuP-TiO 2 , see Hwang et al. 27 ). Carbon dots form another group of emerging light-absorbing nanomaterials showing remarkable photostability, water solubility, low toxicity and a sustainable and cost-effective synthesis, avoiding the use of rare metals. 25, 26, 28 Here we tested amorphous carbon dots (a-CD) 25 and graphitic carbon dots with core nitrogen doping (g-N-CDs).
28,29
To transfer electrons across the lipid membrane aer light harvesting, an icosa-haem transmembrane protein, MtrCAB, was employed (Fig. 1c) , which provides an electron-transfer relay through the otherwise insulating lipid membrane. 30, 31 MtrCAB is a heterotrimeric protein (MtrA, MtrB and MtrC) found in the bacterium Shewanella oneidensis MR1, where it forms a 20 haem long conductive molecular 'wire' across the bacterial outer membrane. 30, 31 This enables the bacterium to use insoluble minerals such as iron and manganese oxides as external electron acceptors for its anaerobic metabolism.
32 When incorporated to span the lipid bilayer of a proteoliposome, MtrCAB exhibits fast transmembrane electron transfer, estimated to be 10 3 -10 4 electrons per second by spectroscopic reduction of encapsulated methyl viologen. 33 We have previously demonstrated efficient electron exchange between the soluble decahaem subunit MtrC and LHNPs. [34] [35] [36] In the present study, electrons are transferred via MtrCAB to the liposome lumen, where we envision they could generate fuel (such as hydrogen) by a fuelgenerating catalyst. In this proof-of-concept study, electron transfer is optically monitored (539 nm) by destructive reduction of an encapsulated azo dye, Reactive Red 120 (RR120, Fig. S1 †) .
37-39 RR120 contains two azo bonds (R-N]N-R 0 ), each of which requires a transfer of four electrons in order to be cleaved to a colourless (pale yellow) product (Fig. S1c †) , i.e., 8 electrons per RR120. 38 The optical signatures revealing haem redox status (Fig. S2 †) are also monitored.
Materials and methods
Unless stated otherwise, all of the chemical substances were obtained from commercial suppliers and used without further purication: 3-(N-morpholino) propansulfonic acid (MOPS, >99.5%), sodium sulphate (Na 2 SO 4 , analytical reagent grade), N,N-dimethyldodecylamine N-oxide (LDAO, BioXtra, >99%), sodium hydrosulte (DT, >82%) and Reactive Red 120 azo dye (RR120) were purchased from Sigma-Aldrich. Ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA, >99.5%) and n-octyl glucoside (OG, laboratory grade) were acquired from Melford and Triton X100 detergent (electrophoresis grade) was purchased from Fisher Chemicals. A Milli-Q system was used to generate ultrapure water (resistance 18.2 MU cm) which was used throughout. Ruthenium (Ru) dye sensitized TiO 2 anatase nanoparticles (RuP-TiO 2 , diameter 6.8 AE 0.7 nm), g-N-CD (diameter 3.1 AE 1.1 nm) and a-CD (diameter 6.8 AE 2.3 nm) were synthesized an characterized as described previously. 25, 27, 29, 40, 41 Shewanella oneidensis MR1 protein MtrCAB was puried in Triton X-100 as described before. 42 The detergent exchange into 5 mM LDAO and additional purity resolution were performed using a Superdex 200 Increase SEC column (GE Healthcare) eluted with 5 mM LDAO, 20 mM HEPES pH 7.8. The purity of the puried MtrCAB was conrmed by SDS-PAGE with the protein visualized by Coomassie and haem stain. 43 Escherichia coli polar lipid extracts were purchased from Avanti Polar Lipids and stored in 5 mg dry aliquots under a nitrogen atmosphere at À20 C.
Preparation of MtrCAB proteoliposomes
5 mg of E. coli polar lipid extract was dissolved by vigorous vortexing for up to 20 minutes in 294 mL of MOPS buffer (20 mM MOPS, 30 mM Na 2 SO 4 , pH 7.4) containing 6.6 mM RR120 and 85 mM OG. 50.5 mL of 10 mM MtrCAB (or 5 mM LDAO for control liposomes) was added to the lipid solution and kept on ice for a further 10 min. The sample was then rapidly diluted while mixing in 50 mL of ice-cold 20 mM RR120 in MOPS buffer. The sample was transferred to an ultracentrifuge tube (polycarbonate) and centrifuged for 100 min at 71 000g at 4 C. The supernatant containing most of the non-encapsulated RR120 was discarded and the pellet was re-suspended in 500 mL of MOPS buffer. The resulting sample was then centrifuged at 5000g for about 5 min to pellet any aggregates. The remaining non-encapsulated RR120 was removed by two consecutive rounds of 60 min sample incubation with 0.6 g of Bio-Beads (Bio-Rad SM-2) per 1 mL of sample at 4 C on a rolling shaker. The experiments were performed within 2 days of the liposome preparation.
Liposome characterization
The concentration and size distribution of the liposomes was determined by nanoparticle tracking analysis (NTA) using Nanosight (NS300, Malvern Panalytical). The liposome size was also determined by dynamic light scattering (DLS) using a Zetasizer Nano Z (Malvern Panalytical). The size and volume of the liposomes were estimated by treating the liposomes as spherical particles, with the average diameter based on NTA data. The amount of reconstituted MtrCAB was determined using a BCA assay (ThermoFisher Scientic). As the absorbance of encapsulated RR120 overlaps with the BCA reagent absorbance, the liposomes were rst lysed with 0.1% v/v Triton X100 and RR120 was removed by two consecutive desalting columns (0.5 ml Zeba™ Spin, ThermoFisher) according to the manufacturer's protocol. The effectiveness of the desalting columns was conrmed using a control sample of RR120 loaded liposomes without MtrCAB.
Reduction of RR120 encapsulated in the MtrCAB proteoliposomes
Samples for the photo-reduction experiments were assembled under a nitrogen atmosphere (glovebox, O 2 < 0.1 ppm) to ensure an anaerobic environment. MtrCAB proteoliposome samples were diluted 10-fold in MOPS buffer containing 50 mM sacricial electron donor (EDTA). An appropriate amount of 10 mg ml À1 photosensitiser stock (27 mmol NP per L RuP-TiO 2 , 476 mM g-N-CD or 44 mM a-CD; mass of particles is estimated based on size determined by EM and density of material) was added to 1 mmol LHNP per L nal concentration. The cuvette was then sealed airtight and removed from the glovebox for UV-vis absorbance spectroscopy (Cary 5000 UV-Vis-NIR, Agilent) tted with an integrating sphere (Internal DRA-900, Agilent). UV-vis absorbance spectra were measured aer 10 s, 50 s, 60 s, 120 s, or in some cases 300 s, of sample irradiation using a cold light source holding a 150 W (15 V) halogen lamp (OSRAM) with a bre optic arm (Krüss KL5125). The sample was placed 10 cm from the light source and irradiated. The light intensity at the sample under these conditions was approximately 450 AE 40 mW cm À2 at 400 nm. Aerwards, the chemical reductant DT was added (nal concentration of 27 mM) to monitor further possible reduction of the RR120. Finally, Triton X100 detergent was added (nal concentration 0.045% v/v) to lyse the lipid vesicles and observe the reduction of any remaining RR120. Control experiments testing reduction by DT (i.e., without LHNP) were also performed. Photo-reduction control experiments with non-encapsulated RR120 were performed as above, but with 10 mM RR120, 50 mM EDTA and 1 mmol LHNP per L PS in MOPS buffer. The recovery yield of MtrCAB was observed to vary between the proteoliposome preparations (see Results). To account for this, comparisons of the encapsulated RR120 (photo)reduction by DT and the photosensitisers were made based on proteoliposomes from the same preparation.
Treatment of UV-visible spectroscopy data
The spectroscopy data were corrected for sample dilution and for variation in the background signal (by setting the absorbance at 750 nm as the zero absorbance for each spectrum). Absorbance at 539 nm was selected to follow changes in the RR120 absorbance over time, because it is less inuenced by the absorbance of reduced MtrCAB (a-and b-haem peaks at 552 and 522 nm). In order to correct for the contribution of liposome scattering, the optical density outside the RR120 absorbance peaks was measured at 440 and 610 nm, i.e., either side of the RR120 absorbance, and the average value was subtracted.
Results

Characterization of MtrCAB liposomes
MtrCAB proteoliposomes loaded with the dye RR120 were prepared as described in the methods section. (Proteo)liposomes from each preparation were characterized to determine their size, concentration and the amount of reconstituted MtrCAB and encapsulated RR120, as described in the materials and methods. Although the size of the MtrCAB proteoliposomes showed some batch-to-batch variation, the proteoliposomes were consistently between 100 and 200 nm in diameter (Fig. S3 †) . The reconstitution protocol generated about 10 13 liposomes per mL and thus an estimated total lumen volume in the order of 10-30 mL per mL of sample. Approximately 43 AE 13% of initial MtrCAB was present in the reconstituted proteoliposomes with an estimated ratio of 10-50 MtrCAB proteins per liposome (depending on the liposome size) assuming an even distribution across the liposomes. Estimation of the amount of RR120 encapsulated in the MtrCAB proteoliposomes was performed spectroscopically using optical absorbance at 534 nm (3 534 nm ¼ 31.8 mM À1 cm À1 was determined here using titration). It was estimated that, on average, the RR120 concentration in the liposome lumen was $10 mM, i.e., the same order of magnitude as during the liposome formation.
MtrCAB provides electron transfer across the bilayer
The ability of MtrCAB to transfer electrons across the membrane and reductively degrade RR120 was conrmed using excess chemical reductant (DT; Fig. 2 ). DT (E m approximately À0.41 V vs. SHE at pH 7.4) 44 reduced MtrCAB (haem potential window ranging from À0.45 to 0 V vs. SHE) 45 within the time resolution of the experiment (<20 s), as indicated by a shi of the MtrCAB Soret peak due to haem absorbance (from 410 to 420 nm, Fig. 2a ). This was followed by a slower (minutes) decrease in RR120 absorbance (450-570 nm, RR120 becomes reductively bleached at #À0.4 V vs. SHE
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), conrming the destructive reduction of the encapsulated RR120 (Fig. 2a) . Only $10% of RR120 was reduced in the control experiments using liposomes without MtrCAB, indicating that RR120 is protected from reductive bleaching when inside the liposomes and that reduction of encapsulated RR120 proceeds only if MtrCAB is present (Fig. 2b) . As a positive control, detergent (Triton X100, TX) was added at the end of the experiment to lyse the liposomes. This was followed by the immediate reductive bleaching of any remaining and now released RR120 (Fig. 2a and b, green lines) . The rates of reduction of encapsulated RR120 were observed to vary between the MtrCAB proteoliposome preparations, likely due to the fact that the MtrCAB recovery yields varied (see above). For this reason, (photo)reduction of encapsulated RR120 by different reductants (i.e., DT, LHNPs) was compared using proteoliposomes from the same preparation. In such studies the relative rates of RR120 reduction by the different LHNPs are as reported by the representative data shown below.
Photoreduction across the membrane
Three different LHNPs, i.e., RuP dye-sensitized TiO 2 nanoparticles (RuP-TiO 2 ), 27 amorphous carbon dots (a-CD) 25 and graphitic carbon dots with core nitrogen doping (g-N-CDs), 28, 29 were tested for photoreduction of RR120 encapsulated in liposomes with and without MtrCAB (Fig. 3a and b) . All of the LHNPs have been Fig. 2 Chemical reduction of encapsulated RR120 by sodium dithionite (DT) with (a) and without (b) MtrCAB. Reduction is followed optically by monitoring the absorbance of the MtrCAB haems (oxidised peak at 410 nm, reduced peak at 420 nm) and RR120 (oxidised 450-570 nm region). Black -oxidized sample; blue -intact liposomes after the addition of sodium dithionite; green -sample after disruption of the proteoliposome bilayer by detergent (Triton X100, TX). Time points indicate the time passed since the addition of DT. (c) The decrease of RR120 absorption (l ¼ 539 nm) over time using liposomes with and without MtrCAB. The yellow and black lines show the exponential and linear fits to the data, respectively. previously shown to have sufficiently low reducing potential (<À0.45 V vs. SHE) 29, 47 to be able to reduce methyl viologen, and thus MtrCAB and RR120. Consistent with the data above, in the absence of MtrCAB, the majority (>70%) of RR120 was protected from photoreduction inside the liposome compartments (Fig. 3a) . However, subsequent addition of DT to all of the samples showed that slightly more RR120 was reduced in the samples exposed to g-N-CD and RuP-TiO 2 compared to the 'DT only' control (compare the black open circles to the blue data points in Fig. 3a ). This could suggest that small amounts of RR120 are released from the liposomes due to interactions between the RuP-TiO 2 /g-N-CD and the liposomes. To further quantify this, well-established vesicle leakage assays were performed using a self-quenching dye, carboxyuorescein. 48 No signicant leakage was observed upon addition of any of the LHNPs, indicating that no, or very limited, damage is incurred to the vesicles by the LHNPs.
In the presence of MtrCAB, all three of the LHNPs photo-reduced the encapsulated RR120 (Fig. 3b) . These experiments used 1 mM LHNPs, with an estimated ratio of 45 AE 2 LHNP per MtrCAB. RuP-TiO 2 and g-N-CD showed the fastest photoreduction, but with a lower rate compared to that with DT. Both the g-N-CDs and a-CD showed a short 1-2 min delay from the start of irradiation until the onset of RR120 photoreduction. This delay is further referred to as the 'lag phase' throughout this paper. Quantication of MtrCAB haem photoreduction by all three of the LHNPs was also attempted. Unfortunately, haem difference spectra could not be used due to spectral overlap with changes in RR120 and DT absorbance. Instead the rst derivatives of all of the spectra were used instead as this is less sensitive to the background absorbance ( Fig. S2 and S4 †) . This approach suggested that most MtrCAB is photoreduced by RuP-TiO 2 within the rst minute of irradiation. In the case of the g-N-CDs and a-CD, it appeared that MtrCAB became reduced aer several minutes, a time that coincides with the initial lag phase of RR120 reduction. Aer the lag phase, MtrCAB appeared to be fully reduced by the g-N-CDs, whereas only partial MtrCAB photo-reduction seems to be observed by the a-CDs. This suggest that with a-CD, photo-reduction of RR120 is in a large part rate limited by the photo-reduction of MtrCAB.
Finally, the photo-reduction of RR120 in the MtrCAB proteoliposomes was compared to the direct photo-reduction of non-encapsulated RR120 (Fig. 3c) . RuP-TiO 2 showed faster photoreduction compared to the MtrCAB proteoliposomes, clearing >90% in less than 2 min, in line with the conclusion that reduction in the proteoliposomes is rate limited by the interaction between RR120 and MtrCAB. In contrast, the g-N-CDs and a-CDs took signicantly longer to directly photo-reduce RR120 compared to the MtrCAB proteoliposomes, i.e., about 20 min for the g-N-CDs and for the a-CDs it took more than 40 min to reduce even 50% of the RR120. Both of the LHNPs also showed longer and more variable kinetics, with lag phases of up to 5 min for the g-N-CDs and 10-20 min for the a-CDs. These variations in photo-reduction could reect heterogeneity within the carbon dots, as observed before.
49,50
Discussion
In plant photosynthesis, a lipid membrane is used as scaffolding to arrange and spatially separate photosynthetic components between the different environments of the thylakoid lumen and stroma. 4 Here we mimic such physical separation and show biomimetic photo-reduction across an insulating lipid membrane, where energy generated by external LHNPs is transferred across the lipid membrane via MtrCAB conduits to reduce electron acceptors located in the lumen of liposomes. This system has several interfacial electron transfer steps: (1) LHNP to MtrCAB, (2) MtrCAB to RR120 and (3) SED to LHNP (Fig. 1c) . All of the experiments used excess amounts of SED (50 mM EDTA) and we have previously shown that the SED is not rate limiting for the photo-reduction of MtrC by RuP-TiO 2 .
27 As MtrCAB provides the electron relay across the membrane, the observed rate of RR120 reduction within the liposomes will be dependent on the amount and distribution of MtrCAB within the liposome population. Chemical reduction of MtrCAB with DT was instantaneous with respect to the time resolution of the experiments reported here. MtrCAB reduction by DT thus represents the fastest possible RR120 reduction within each liposome sample. The photoreduction by all three of the LHNPs was slower than the reduction by DT, conrming that the overall rate of RR120 reduction was at least partly limited by the electron supply from the LHNP to the MtrCAB. However, for the RuP-TiO 2 and g-N-CD, MtrCAB was almost fully reduced during the photo-reduction experiments, suggesting that the reductive bleaching kinetics of RR120 were also rate limited by the reduction of RR120 by MtrCAB. MtrCAB orientation in liposomes is not known and likely random, possibly further complicating the observed kinetics.
TiO 2 has high affinity for Glu/Asp protein residues, 51-53 and RuP-TiO 2 has been shown before to bind strongly to MtrC and MtrCAB. 36 In addition, RuP-TiO 2 showed the best direct photo-reduction of non-encapsulated RR120. Despite this, the photoreduction of RR120 in the MtrCAB liposomes with RuP-TiO 2 was slower compared to the chemical reduction with DT. We attribute the slower photoreduction of RR120 in the MtrCAB proteoliposomes to the self-agglomeration or aggregation of the RuP-TiO 2 particles, as observed with cryo-electron microscopy analysis (Fig. S5 †) . Hence, interaction between MtrCAB and RuP-TiO 2 might have been impaired. In contrast, the interaction between MtrCAB and both the g-N-CDs and a-CDs is likely to be transient as no aggregation was detected upon mixing of the particles with the MtrCAB liposomes. Nevertheless, for both of the carbon dots, relaying the electrons via MtrCAB improved the bleaching rate of RR120 remarkably, which is up to four times faster in the MtrCAB proteoliposomes compared to the direct photoreduction of RR120. Encapsulation of RR120 at mM concentration in the small lumen of the liposomes (compared to 10 mM RR120 in the control experiments with direct photoreduction) will enhance the reduction kinetics by MtrCAB and, indeed, reduction of RR120 by MtrCAB was not observed to be rate limiting for a-CD. The enhanced photobleaching kinetics in the proteoliposomes are thus due to the faster reduction of MtrCAB by a-CDs compared to reduction of RR120 by a-CD (at concentrations (10 mM). We propose that this enhancement is due to the MtrCAB conduit, which can accumulate multiple electrons on its 20 haems, improving the rate of the multi-electron reduction required to bleach each RR120 molecule. In this respect, MtrCAB is able to stabilise the charge separated intermediate for the photo-reduction of RR120, mimicking the role of the chlorophyll/pheophytin/Q A electron relay of the natural photosystems I and II.
These results provide an insight into how control over the nano-device organization and assembly can be used in articial photosynthesis and solar-fuel catalyst design to enhance catalytic and quantum efficiencies. This work adds to the ongoing work in which the organisation of different photosynthetic components is exploited for (bio-)nanocatalysis. 7 For example, stacked multilayers of lipid membranes containing PSII 22 have been shown to increase production of ATP due to highly efficient exchange of substrates, while limiting the diffusion of photo-and catalytic centres. Besides lipid membranes, various other template materials such as viruses, graphene and peptide bres have been used to gain control over precise physical distribution of porphyrin PSs and catalytic reaction centres (e.g., Pt, TiO 2 and IrO 2 clusters).
54-59 A 10-times higher yield for selective CO 2 conversion into methanol was reported using hollow graphene-doped nanobers (G-bers). 59 In this case, multiple enzymes required for methanol generation were conned within the nanobers, and the photoexcited electrons were transported through the graphene bers from photosensitizers located on the outside. 59 In a similar approach, photo-oxidation was separated from photo-reduction reactions by employing hierarchical cobalt oxide-silica core-shell nanotube arrays, where water oxidation and photoreduction were conned to the inner and outer surface of the nanotubes, respectively. 60 Many other ideas for building architectures with isolated environments for separated photo-oxidation and reduction can be drawn from the eld of articial nano-compartments, which has reported the use of various materials ranging from labile biological liposomes, protein cages and virus capsids to rigid synthetic polymersomes and hybrid vesicles.
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Conclusion and future perspective
Here, we show a proof-of-concept of using the transmembrane MtrCAB conduit for compartmentalized photo-reduction. Three LHNPs demonstrated efficient photo-reduction of a liposome-encapsulated dye using MtrCAB as an electron relay. The rate with which two different carbon dots photo-reduced the encapsulated dye was improved in the liposome system. This example demonstrated how incorporation of a scaffolding material to separate photo-oxidation and reduction reactions can be benecial for the overall efficiency of solar energy harvest. In particular, we propose that MtrCAB can aid in the stabilisation of the charge separated state, improving the quantum yield. Such a component could be benecial to further advance articial photosynthesis strategies and other (bio-) nanocatalysis applications. To further explore the potential use of MtrCAB conduit and nano-compartments, MtrCAB compartments should be tested for photosynthetic production of solar fuels or solar chemicals. In this case, a catalyst can be encapsulated in the liposomes, which enables a PS/LHNP to function in a separate environment from the fuel-generating catalyst. Finally, the lipids and/ or MtrCAB could be replaced by synthetic components to explore other compartmentalised and structured molecular nano-architectures.
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